Abstract: Thermoplastic block copolymers based on poly(butadiene) and poly(ε-caprolactone) were synthesised from the ring opening polymerization of ε-caprolactone onto a polybutadiene macroinitiator. The lithium alkoxide macroinitiator results from BuLi addition on hydroxy telechelic polybutadiene (HTPB R45 ® ) chain ends. The reaction is fast (about 5 min) and quantitative, leading to well defined copolymers with PCL/PBHT ratio varying from 45/55 and 18/82. Average molar masses range from 10 000g/mol to 26 000g/mol with PDI about 1.6. 
Introduction
The synthesis of block copolymers, in particular of those containing both non-polar block such as polydiene and polar block such as polyester, is one of the most interesting ways of obtaining new polymers with original properties. These copolymers can then be used as compatibilizers in blends of non-miscible polymers [1] . Recently, synthesis of block copolymers based on styrene, butadiene and ε-caprolactone (PS-PB-PCL, PS-PCL and PB-PCL type) has been reported [2, 3] . Usually di or triblock copolymers are synthesised in two steps: "polymerization of butadiene" is done first, followed by "polymerization of the ε-caprolactone" [4] . Another way is to modify a pre-existant block, such as a hydroxy telechelic polybutadiene (HTPB). Vasudevan and al. developed this route using HTPB as starting oligomers and WCl 6 as a catalyst to obtain totally apolar triblocks based on polybutadiene (PB) and polyphenylacetylene, polynorbornen, polycyclooctadiene and polycyclopentene [5] . Meng et. al. synthesised PCL-PB-PCL by ring opening of ε-caprolactone on HTPB by using tin octanoate as a catalyst in order to prepare epoxy thermosets [6] . HTPB is generally used as a polyol for the synthesis of polyurethane networks after reaction with a diisocyanate. Many commercial uses of this polymer, such as adhesives, mastics, sealing gaskets, elastomers or encapsulants stem from its low glass transition (T g ≈78 °C), good mechanical properties and strong resistance to chemical attacks [7] . Regarding the polar aliphatic phase, poly(ε-caprolactone) (PCL), is of great interest as a polyester which presents applications in biological and biomedical fields due to its desirable properties of biodegradability and biocompatibility [8] [9] . Usually PCL homopolymers are synthesised by ring opening polymerization of ε-caprolactone using various initiators or catalysts [10] . The polymerization of ε -caprolactone can be initiated at room temperature by strong bases (KOH, NaOH…) or alkali-metal alkoxides (Na, K, Cs) [11] . For higher temperatures, between 100 and 130 °C, Sn(Oct) 2 is usually the initiator since it allows reaching high n M [12] [13] . The anionic polymerization of lactones is known to be fast [14] leading to linear chains in the first steps of polymerization. Depending on temperature and reaction conditions, back-biting reactions of the active chain ends can appear randomly, breaking down linear chains, and giving cyclic oligomers byproducts [2, 15] . In order to polymerize polycaprolactone quickly and quantitatively at room temperature, the use of butyllithium is one of the easiest way with 100% conversion in less than 6 min reaction [16, 17] .
In this work, PBHT-PCL copolymers are synthesised by ring opening polymerization of ε-caprolactone initiated by macroiniatiator polybutadiene terminated by lithium alkoxide.
The aim of our study is to enhance the value of HTPB, a useful product in the industry, by copolymerizing it with a "hard" phase owing to its functionalized end groups. The expected material will be a thermoplastic elastomer which presents a soft block (PB) and hard semi-crystalline block (PCL). This paper deals with the synthesis and chemical characterization of HTPB-PCL elastomer thermoplastics, since Meng [6] [Błąd! Nie zdefiniowano zakładki.] et.al. did not investigate by this means. Indeed, they were mostly interested in the characterization of the epoxy networks. The influence of the initiator concentration, dilution, kinetic and the solvent of pouring on the chemical properties of the synthesised copolymers are thereafter discussed.
Results and discussion
The low molar mass polybutadiene used in this work is a commercial hydroxy telechelic polymer (HTPB) whose structure is given in Fig. 1 
Synthesis of the copolymer
Block copolymers are obtained by functionalization of the hydroxyl to obtain macro initiators, followed by the ring opening polymerization of the cyclic ester. Thus, the addition of BuLi provides lithium alkoxide extremities on the HTPB chains. After the growth of the polyester block, it is poured into a non-solvent and filtered to extract oligomers and residual monomers in the filtered product. On one hand a pure copolymer is obtained as a solid and on the other hand, the soluble part constitutes the filtrate. Due to the initial macroiniator's structure ( OH f = 2,45) the obtained product is a multiblock copolymer. 1 H NMR spectrum of a copolymer containing 55% in weight of polycaprolactone and 45% of polybutadiene. The signals of the protons of the PCL and PB, polyester and polydiene blocks, were consistent with those previously reported in the literature [19, 20] . For PCL blocks -(CO-
1 H-NMR (CDCl 3 , 300 Mhz):
Fig. 4.
1 H NMR spectrum of the reaction medium, product and soluble part for the area situated between 4-4.6ppm and 1.9-2.5ppm.
filtrate filtrate precipated copolymer reaction medium reaction medium precipated copolymer Besides structural information, 1 H NMR was also useful to determine the PCL/PB ratio in the copolymers. The following formulae detailed in Tab. 1 allow the quantification of each component in the polymer by integrating the PCL and PB peaks.
During the polymerization of ε-caprolactone, when reaction is initiated by organolithium, intramolecular transesterification occur leading to cyclic oligomers [21] . NMR spectra of the reaction medium make it possible to detect them and thus to calculate the reaction yield.
Between 4.12ppm and 4.21ppm and between 2.37ppm and 2.42ppm, caprolactone and cyclic oligomers of PCL are detected in the spectra of the reaction medium and in the filtrate (Figure 4 ). Knani characterized the cyclic dilactone by triplets at 4.14 ppm and 2.35 ppm respectively, corresponding to the protons of the methylene groups adjacent to ester oxygen and carbonyl, [22] . Increasing the ring size of the macromolecules causes an upfield shift of the signals for these protons to values that are typical to the corresponding protons of the main chain PCL units of the linear polymer [22] . Size exclusion chromatography analysis (SEC) ( Figure 5 ) reveals the presence of cyclic oligomers ranging from dimer, trimer, tetramer… to heptamer.
The washed up product is free from any oligomer and monomer. The signals at 4.12-4.21ppm and 2.37-2.42 ppm disappear from precipitated copolymers that were purified by precipitation in ethanol to remove the low-molecular-weight fraction. 
For PB blocks: 13 
Fig. 6.
13 C NMR spectrum of a copolymer with 55% in weight of polycaprolactone and 45% of polybutadiene.
Proof of the link between the two blocks
In order to justify the chemical link between the polybutadiene block and the polycarolactone block, an analysis of the area of carbonyl group on 13 C NMR spectrum is needed. Thus, five copolymers with different degrees of polymerization for the PCL blocks ( n DP = 1, 2, 4, 6 and 8) were synthesized. The five syntheses were realised under special conditions described in the experimental part of this paper, in order to avoid the creation of cyclic oligomers in the reaction medium.
On the NMR 13 C spectra, the peak of PCL carbonyl group is located at 173.5 ppm (
Fig . 7 ). The peaks at 173.55 ppm and 173.7 ppm correspond to the carbonyl groups which link the PCL blocks and the PB block [23] . The peaks between 173.2-173.4 ppm represent the cyclic oligomers carbonyl group because these peaks do not appear in the spectrum of the product (   Fig. 8) .
The lower the n DP , the more intense the peaks at 173.7 ppm and 173.55 ppm. This fact is an argument for the chemical link between the two blocks. 8 . 13 C NMR spectrum of reaction medium, soluble part and product of the copolymer with a theoretical DP of 6.
Solubility of the copolymers
Diethylether is a good solvent of HTPB phases but a non-solvent of PCL phases, whereas ethanol precipitates both homopolymers.
When a physical blend of PCL and HTPB homopolymers at 50/50%w/w is poured into ethanol, the obtained product after filtration is the starting blend. The same experiment with ether as a non-solvent, leads to the filtration of pure PCL. Indeed, homopolymer HTPB is obtained in the soluble part of the ether mixture.
By changing the precipitation solvent, different material compositions are obtained, followed by size exclusion chromatography (SEC) and NMR analysis. Tab. 2 shows that the composition and molecular weight of the copolymers can be oriented depending on the non-solvent.
Concerning the reaction medium, precipitation in ethanol brings us back to the starting product. For instance, as shown in Tab. 2, a starting composition of 26% PB and 74% ε-caprolactone, after pouring into ethanol gives a material containing 30% PB and 70% of PCL. The same reaction medium poured into diethylether leads to a product containing only 18% HTPB. This means that a higher content of HTPB in the materials leads to the solubilization of the copolymers in ether. This observation is also another proof of the chemical link between the PCL and the PB phases. Moreover the various solubilities of the copolymers can be explained by the structural heterogeneity of the HTPB chains (linear or star-shaped chains). Indeed, many authors [24] showed the heterogeneity of the hydroxyl distribution as a function of the molecular weight of HTPB. For the rest of our study, ethanol was chosen as the best non-solvent. 
Influence of initiator amount and dilution condition on kinetics
The progress of the reactions was followed by SEC and 1 H NMR. Three different initial dilutions of HTPB (2.5%, 5% and 10% w/w) in the THF and thus three different monomer concentrations (0.36mol.l -1 , 0.74mol.l -1 and 1.47 mol.l -1 ) are tested. BuLi is added in order to generate active species concentrations (10%, 30% and 90%) according to the following formula: 25 ppm, the monomer is observed and its content decreases from 1 min 30 to 1 h. Between 4.13 ppm and 4.18 ppm, the triplet integrates for the cyclic oligomers and their content increases over time. Therefore, 1 H NMR is a powerful technique to quantify the non consumed monomers and the PCL oligomers in the medium. The rate of cyclic oligomers due to the backbiting of living chains, and the residual monomers in relation to the initial quantity of ε-CL are presented in Figure 10 , 11 and 12. Our aim is not to give polymerization or depolymerization rate constants for each of the formed macrocycles but to choose the best conditions of concentration and functionnalization of the alcohol groups on HTPB. Penczek [25, 11] and Yamashita [21, 27, 28] have studied repeatedly the distribution of cyclic oligomers of PCL which is in agreement with the Jacobson-Stockmayer's theory [26] : [M(n)] e ~ n -5/2 with n as the polymerization degree. In each experiment, a first polymerization step is observed because of the decrease in the content of residual monomers and of the increase of the molecular weights. Then a step of depolymerization occurs owing to the increase in residual molecule content and to the decrease of molecular weights. Tables 3, 4 and 5 show that the molecular weights and the polymolecularities decrease because of intramolecular transesterifications (back-biting). This behaviour can be avoided if the reaction is stopped by the addition of a protic compound. The cyclic oligomers are generated, whereas the monomer is not totally consumed. The main result in these series of experiments is that whatever the active species concentration, a depolymerization occurs owing to the back-biting [27, 28] . Fig. 13 explains the mechanism of the "back-biting" of PCL block. Polymerization is directly influenced by the active species concentration and the depolymerization is governed by the monomer concentration. When the monomer and alkoxyde concentrations are low, the depolymerzation is very limited over 24 hours as it is shown in the Figure 10 for [alkoxide concentration] = 1.9 10 -3 mol.l -1 . Furthermore, an increase in the active species concentration accelerates the reaction but also the depolymerization. In Figures 10, 11 and 12, when 90% of hydroxyl functions of the HTPB are functionalized by the lithium alkoxide, the consumption of monomer occurs between 1min30 and 4 min. After one day of "living" reaction, the amount of residual oligomers is higher than the one obtained when 10% or 30% of hydroxyl functions of the HTPB were functionalized. Whatever the amount of BuLi used, the molecular weight is the same for all the synthesized copolymers when the monomer is consummated. The decrease in the polymolecularity during the polymerization step is due to a better homogeneity of PCL blocks since the PCL blocks are distributed on almost each of the hydroxyl functions of HTPB owing to proton exchanges between "living" chains and "sleeping" ones. The polymolecularity increases when depolymerization occurs because of the randomness of inter-and intra-molecular transesterification (13 and 14) .
2, 5 %w of HTPB -[monomer]0=0.36mol.l-1 in the reaction medium

Conclusions
Thermoplastic elastomer based on polybutadiene and polycaprolactone are multiblock copolymers synthesised starting from a lithium alkoxide terminated polybutadiene due to addition of BuLi on HTPB. 13 C NMR studies allow us to verify the chemical link between the two segments whereas 1 H NMR studies give us a means to quantify the amount of PCL and PBHT in the material. The reaction is fast and allows a reaction medium with a very low content of cyclic oligomers by controlling the amount of solvent and the living active centre concentration. This fact is interesting for industries where the amount of solvent must be limited. With a lower quantity of solvent and of initiator (BuLi), a good conversion rate of ε-caprolactone (~98%) is obtained and a low oligomer concentration (~3%) is reached. The PCL linear polymer is formed more quickly than cyclic oligomers. Moreover PCL blocks can be easily designed as short or long blocks in the material. The obtained copolymers present a n M = 11 000 g/mol and a w M = 18 000 g/mol for materials with 55%wt of PCL and 45%wt of PB. The pouring in different solvent enables to obtain materials with different molecular weights and compositions. The thermal and mechanical properties of these materials will be presented in another publication.
Experimental part
Materials
Tetrahydrofuran (Aldrich) was distilled on sodium and benzophenone and dried over molecular sieves (4 Ǻ) before use. Hydroxy telechelic polybutadiene (HTPB) R45HT ® ( n M = 2800g/mol, f OH = 2, 45) was kindly supplied by ARKEMA. The HTPB is degassed for 4 h at 80 °C under vacuum (10 -2 mmHg) before use. Butyl lithium (BuLi) in solution in hexane (1.6 mol.L -1 ) (Aldrich) was used as received. The ε-caprolactone was purchased from Aldrich and was dried for 48 h on CaH 2 , distilled under vacuum and dried over molecular sieves (4 Ǻ).
Apparatus
-Chemical analyses
SEC: SEC analyses were carried out on a Gynkotek P580A apparatus equipped with 2 PolyPore columns from Polymer Laboratories (300*7.5mm) and a IOTA 2 refractive index detector. Polystyrene standards were used for column calibration. Polymer samples were dissolved in THF (10mg.ml -1 ) and elution was performed at 20 °C at a flow rate of 1ml/min, with THF as solvent.
NMR: Nuclear magnetic resonance spectra were recorded in CDCl 3 solutions on a Bruker Avance 300 spectrometer.
1 H measurements were carried out at 300.13 MHz using a classical pulse sequence involving a single 90° pulse width. The 16 scans were accumulated with a repetition delay of 2 s. 13 C NMR was performed at 500 MHz in CDCl 3 .
Experimental procedures
-Synthesis of lithium alkoxyde telechelic polybutadiene HTPB was stirred in 2.5%, 5% or 10%w/w of THF in a flask under argon atmosphere. BuLi was added to the flask in order to generate lithium alkoxide at the end of the HTPB chain. The macroiniator thus generated, could open the ε-caprolactone ring and started the polymerization. The quantity of BuLi must not exceed 100% of the total hydroxyl group of the HTPB in order to avoid PCL homopolymers growth during the reaction.
-Synthesis of multiblock copolymer based on PBHT and epsilon-caprolactone When BuLi was added, electrostatic attractions were generated because of the formation of alkoxyde lithium. This gel could prevent the agitation. Hence the quantity of solvent was high. The solution became totally liquid after 10 min for a HTPB concentration of 2.5 % in weight in THF and after 45 min for a HTPB concentration of 10%. At this moment, the ε-caprolactone was poured into the flask and the polymerization started.
After the reaction, the copolymer could be poured in a solvent (ethanol or ether). The obtained product, with no monomer or cyclic oligomers, was dried under vacuum at 25 °C for one day.
The 5 particular syntheses for the 13 C NMR study, were realized at 10% of conversion of hydroxyl functions of HTPB in lithium alkoxide, with 10%w/w of HTPB-R45 ® in total reaction medium, and were stopped after one hour. These conditions were chosen in order to limit the formation of cyclic oligomers.
